
EFFECT OF JP-5 SULFUR CONTENT
ON HOT CORROSION OF

"SUPER ALLOYS IN MARINE
ENVIRONMENT

-p

PROGRESS REPORT NO. 2

NAVY BU.WEPS CONTRACT NOw 64-0443-d .

PH Il.L.!PS

DC

DDC.IRA B

.Za



Research Divisicu Report 3945-64R

PHIiIPS PETROLEUO COM1PANY
RESEARCH DIVISION

BARTlVIlE, ORAHOKA

PROGRESS REPORT NO. 2

FOR

NAVY BUWEPS CONTRACT NOw 64-03-d

MMT OF JP-5 SUFUR CONTEIT ON HOT CORROSION OF SUPKRALOYS

IN MtARINE IIOIT

By

H. T. Quigg
R. M. Schirmer

4{

I



PHILLIPS PETROL•EM COMPANY - RESEARCH DIVISION REPORT 3945-64R

Feature No. 6059

Progress Report No. 2

for

Bureau of Naval Weapons Contract NOw 64-0443-d

EFFECT OF JP-5 SULFUR COFENT ON HOT CORROSION OF SUPERALLOTS

IN MARINE NVIRONMNT

By 4

H. T. Quigg and R. M. Schirmer

SUMMARY

An exploratory program was completed to provide a basis for a
subsequent factorial experiment to determine whether the maximum sulfur
content of 0.40 weight per cent, currently allowed in grade JP-5 aviation
turbine fuel, is a safe level for the protection of turbine blade alloys
used in high-performance engines.

Specimens of six different superalloys mounted in a cascade
holder were exposed to vitiated air from the Phillips 2-inch combustor
during a five hour cyclic test. Operating conditions were varied to
investigate the effect of gas temperature, pressure and velocity at the
test specimens, combustor air-fuel ratio, sea salt ingestion rate, and test
specimen position in the cascade. Evaluations were based upon metal loss,
scale analysis and metallographic examination of the test specimens.

The desirability of two experiments was shown; one at gas temp-
eratures of 1800 F and above, where fuel sulfur inhibited hot corrosion,
and the other below the melting point of sodium sulfate (1623 F), where
fuel sulfur accelerated hot corrosion. Analysis of the data obtained
indicates that the effects of other test variables on hot corrosion is a
function of mass exposure to "sea salt" and fuel sulfur. While test-to-
test and stage-to-stage repeatability is good enough in the high temperature
range for a factorial experiment based upon triplicate tests, a greater
number of tests will be required in the lower temperature range.

A factorial experiment is outlined for three gas temperatures
(1800. 2000 and 2200 F), three "sea salt" in air concentrations (0, 1.0
and 10.0 pp), and three sulfur in fuel concentrations (0, 0.040 and 0.40
weight per cont). Five different superalloys and one coated superalloy
will be employed. The extent of corrosive attack will be evaluated frem
measurements of metal loss and by metallographic examination of the test
specimens.

December 31, 1964
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I. INTODUCTION

The effect of fuel sulfur on "hot section" durability of aircraft

gas turbine engines has been the subject of a number of limited investigations

which have been conducted by Phillips Petroleum Ccmpa under U. S. Navy

Bureau of Naval Weapons Contracts (Ref. 1, 2, 3, 4, 5 and 6). These inzestiga-

tions have been smrized and the problem of hot corrosion in uerine

envirament of superalloys in aircraft engines of advanced desisr was reviewed

in Progress Report No. 3 for Contract NOw 63-%•06-d (Ref. 7). This Report

(Ref. 7) included results of a statistically designed progm used to evaluate

the effect of three sulfur concentration levels in the fuel (0.0002, 0.040 and

0.40 weight per cent) at three %ea salt conoentration levels in the air (serea

1.50 and 15.0 parts per aillion), and also any sulfur I "sea salt" interactions

for two nickel-base alloys (Inconel 713 C and Sierra Metal 200) exposed to

vitiated air froa the Phillips 2-Inch combustor. Test conditions used were

(1) 56 air-fuel ratio.

(2) 2000 F gas temperature at the test specimen.

(3) 15 atmospheres pressure at the test specimen.

(4) 500 feet per second gas velocity at the test speetmen.

(5) Five hours cyclic operation (55 minutes rue on m frive

minutes fuel off).
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From this investigation it was concluded that decreasing sulfur concentration

in fuel, from the current JP-5 specification maximua of 0.40 to 0.040 weight

per cent, did not reduce "sea salt" corrosion significantly. Hoeveor with

the complex interaction found with ingested "sea water", additional data

were needed before a recommendation as to the maximum sulfur limit in JP-5

could be made. A test program was proposed to obtain the additional informa-

tion needed using more superalloys evaluated over a range of gas temperatures.

Exploratory programs have been conducted during the firs'. two

periods under Navy BuWepe Contract NOv 64-0443-d to evaluate the effect of

operating conditions on hot corrosion. These data will be used to select

operating conditions to be used in designing a program to be conducted during

the last two quarters which will provide the additional information needed

as to the effect of fuel sulfur on hot corrosion of superalloys in a marine

environmet. During the first quarterly period a cascade test specimen

holder was designed and fabricated which permits the evaluation of the effect

of sulfur and "sea salt" on hot corrosion under various operating conditions

of six superalloys simultaneously. Th. effect of on temperature was evaluated

using single test specimens of six superasloys at each of six Was temperatures

at two levels of fuel sulfur with one level of usea salt.

During the second quarterly period the exploratory progrwm has

included investigations of the effects of:

(1) Hot gas velocity at the test specimen.

(2) Not gas pressure at the toot specimen.

(3) "Sea salt" concentration in the hot sas.

(,) Air-fuel mixture to combustor.

(5) Location of test specimen in tacade holder.

(6) Repeatability of hot corroeion.
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II. TEST EQUIPMENT

A. PHILLIPS 2-INCH COMBUSTOR

A schematic diagram of the Phillips 2-inch combustor installation

used in this study is shown in Figure 1. Design details of this combustor

have been described previously (Ref. 9). Basically, it embodies the principle

features of a modem aircraft gas turbine coubustor. It was a straight-through,

can-type, cabustor with fuel atomised by a single, simplex-type nossle. The

flame tube was fabricated from 2-inch, Schedule 40, Inconel pipe, with added

internal deflector skirts for film cooling surfaces exposed to the flame.

The supporting test facility has been described previously in

detail (Ref. 10). Briefly, air was supplied by rotary Fuller compressors,

filtered by a Selas Vape-Sorber, and preheated by a Thermal Research heat

exchanger. Fuel was supplied by nitrogen pressurization of its supply tank.

Also, "sea water" was supplied by nitrogen pressurization of its supply

tank.

The design of the combustor installation provides for easy access

to the fuel noszle, flame tube, and test specimens. The combustor installa-

tion was disassembled, inspected, and reconditioned after every test.

The location of the "sea water" injection point in the quench tone

of the cabustor and the water jacketed exhaust section, shown in Figure 1,

were selected on the basis of a previous investigation (Ref. 7).
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B. SPECIMEN HOLDER

The test specimen holder employed in earlier work (Ref. 7) was

modified to permit three holders to be cobined in a cascade with each success-

ive holder rotated 120 degrees to prevent channeling of the hot gas flow.

The general location with respect to the 2-inch ccmbustor is shown in Figure 1.

It is separated from the 2-inch combustor by a six-inch long water cooled

spool and is followed by another water cooled spool one foot in length. The

holder for a pair of specimens is shown in Figure 2 and the cascade is shown

in Figure 3.

The holders maintain the test specimens at an angle of 45 degrees

to the axis of the pipe in which they are located. This provides for accel-

eration of the gas flow over the surface of the test specimens, much as over

the turbine blading in an actual engine.

C. SPBCDW KLM120CLEANG

Specimen scale or bulk oxide after expoeure to hot corrosion was

removed by an electrocleaning technique described previously (Ref. 7).

Briefly this consists of imursing the specimens in molten sodium hydroxide

(750-790 7) and passing about 1/3 ampere/cm2 through the specimens for a

period of 10 minut-,. This is followed by a water quench.
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III. TEST MATEKRIALS

A. TEST TUMLS

The base fuel used in this study was a segregated sample of

production ASTh Type A aviation turbine fuel. Physical and chemical proper-

ties of this fuel are shown in Table I.

The base fuel was essentially sulfur-free, containing only 0.0002

weight per cent sulfur. The higher sulfur content test fuel was produced

ay blending to 0.40 weight per cent sulfur using ditertiary butyl disulfide.

p. "SEA WATER,, (a)

A synthetic "seo. water" was used in this study. Its formulation

was taken from the Standard Method of Test for Rust-Preventing Characteristics

of Steam-Turbine Oil in the Presence of Water, AS7X Designation D-665-60.

The components and their concentrations are shown in Table II.

C. SUPERALLOYS

Eight different superalloys were used as test specimens during

these studies. In the study of the effect of temperature during the first

quarterly period four nickel-base (Udimet 700, Hastelloy R-235, Sierra

Metal 200, and Udime; 500) and two cobalt-base (Stellite 31 and Haynes Alloy

25) superalloys were used. For the remainder of the investigation conductmd

during the second quarterly period two nickel-based (Rene' 41 and Waspalloy)

superalloys were substituted for Stellite 31 and Haynes Alloy 25 because of

availability. Three of the superalloys were prepared as investnent restings

(Udimet 700, Stellite 31, and Sierra Metal 200) while the other five ui--

cut from sheets. These metals wer selected to represent a wide range of

chromium contents. The chemical analyses for the superalloys used are shown

in Table III.

(a) "Sea water" and "sea salt" (i.e. in quotes) are used throughout this
report to indicate the synthetic composition shown in Table II.
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TABLE I

P.ISICAL AND CHUICAL PROPERTIES OF TEST

Test Fuel

Initial Boiling Point 329
5 Volume per cent evaporated 344
10 350
20 359
30 368
40 377
50 388
60 400
70 417
80 435
90 460
95 478
End Point 498

Gravity, degrees API 46.2

GUM., milligrams per 100 milliliters 0.2

Smoke Point, millimeters 26.2

CcuPosition, weight per cent

Sulfur 0.0002 (b)Netalo(c)

Iron e-0.0001
Vanadiia < 0.0001
Nickel < 0.0001
Copper < 0.0001

Hydrocarbon Types
Normal Paraffins 27 (d)
Isoparaffins 23 (d)
Cyeloparaffins 36 (d)
Olefins 0 (d)
Arcmatics 14

(a) Segregated sample (BJ63-8-G49) of production ASTM Type A Aviation
turbine fuel, processed from West Texas crude and finished by hydrotreating.

(b) Higher sulfur content test fuel obtained by blending to desired level
using ditertiary butyl disulfide.

(c) X-ray fluorescence analysis.

(d) rypical value for this product.
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TABLE II

COMITIO OF ASTM D665 S.TN•HTTC "SEA WATIR"

Salt.(a) FoUMj &m X per liter (b)
Sodium Chloride NaCi 24.54

Magnesium Chloride NgCl 2 .6H20 1. 10
Sodium Sulfate Na2SO4  4.09

Calcium Chloride CaC1 2  1.16

Potassium Chloride KCI 0.69

Sodium Bicarbonate NaHCO3  0.20
Potassium Bromide KBr 0.10

Boric Acid H3BO3  0.03

Strontium Chloride SrCl 2 .6H20 0.04

Sodium Fluoride NaF 0.003

TOTAL 41.953

(a) Use cp chemicals.

(b) Use distilled water.
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IV. TEST PROGRA14

In most cases in these exploratory programs single test specimens

of each of six superalloys have been mounted in a cascade for exposure to

hot gases at the test conditions being investigated. As shown in Figur 3 the

cascade consists of three stages each holdin two test specimens. It may be

observed that only the specimens in the first stage arG exposed to hot gases

only, while those in the second and third stages may also be exposed to

corrosion products from the preceding superalloys, The position cf t. specific

superalloy within the cascade is held constant throughout tVe programs.

The test procedure consists of a five-hour cyclic test with 55

minutes of exposure of the test specimens to hot gases followed by 5 minutes

with fuel turned off. On completion of the test. samples of deposits are

removed by scraping and saved for analyses. The test specimens are then

electro-chemically cleaned using a procedure previously described (Ref. 7)

and loss of weight determined.

Preliminary data on the effect of temperature on hot corrosion

were presented in Progress Report No. 1 (Ref. 8) and are included in this

report to smma rise the exploratory study of operating variables. The effect

of temperature was studied over the range of 1200 to 2200 F with 0.0002 and

0.40 weight per cent fuel sulfur and 10 ppm "sea salt" in combustor air.

Combustor pressure was maintained at 15 atmospheres with a mass air flow of

5400 pounds per hour. Combustor inlet air temperature and fuel flow were

adjusted to give the desired gas temperature. Since a reversal in the effect

of fuel sulfur content on hot corrosion in a marine environment was indicated

with increasing temperature, two temperature-fuel sulfur combinations (1500IF

with 0.40 and 2000-F with 0.0002 per cent) were selecteid to maxiaise hot

corrosion in the study of other test variables.
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The operating variables studied include combustor pressure (5 and

15 atmospheres), gas velocity at the test specimen (50 to 640 feet per second),

"sea salt" in cabustor air (2.0 and 10.0 ppa) and air fuel ratio (50 and 75).

The effect of position of the test specimens in the cascade on metal loss has

also been investigated.

A sumary of the operating variables investigated during this test

program and test numbers is shown in Table IV ed detailed operating conditions

for these tests are shown in Appendix I. Where possible one test has been

used fo? multiple comparisons of operating variables.

TABLE IV

SMNART OF OPERATING VARIABLES STUDII-D

Variables Studied Teat Npbers

Tqoraturo. IF

1200, 1400, 1600, 1800, 2000, 2200
(a) 0.0002 per cent sulfur 8, 9, 14, 15, 18, 19
(b) 0.40 per cent sulfur 7, 10, 13, 16, 17, 20

Cbustor Prgessure. Ataosvhereq
51 15 25, 26, 27, 28

2%s Velocit, feet Rer second

50, 250, 500, 644 23, 24, 27, 28, 31, 32, 33

Air bl eAi a

50, 75 34, 38

"• Sea Salt" Tiestion Rate. vM

2.0, 10.0 27, 28, 34, 35, 36, 37, 38, 39, 41

CUaade SRe018em Hlder
Position of specimens In cascade
and repeatability of aetal loss 34, 35, 36, 37, 38, 39, 11
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V. DISCUSSION OF RESULTS

A. Metal Weight Loss.

1. TIMersatu.

The metal loss data obtained in an exploratory program on the effect

of temperature are shown in Table V expressed as weight lose per unit area and

in Table VI expressed as per cent weight loss of the test specimen. Metal loss

as a function of temperature for two fuel-sulfur concentrations are shown in

Figures 4 through 9. An ezuatnaticn of these data show that with each of the

superalloys, metal lose was inhibited by the fuel sulfur content at tempera-

tures of 1800 F and above. At 1600 F and below the data are not consistent

for all of the superalloys; however, with Rastelloy R-235 and to a lesser

degree with Sierra Metal 200, Udimet 700 and Udimet 500 sulfur in the fuel

increases metal loss. This reversal of sulfur effect may be associated with

the presence of solid sodiua sulfate on the test specimens. The freezing point

of sodium sulfate is 1623 F. Although air-fuel ratio varied from 150 at 1200 F

to 50 at 2200 which resulted in an increase in sulfur to wsea saltO ratio,

ccmparisons of low (0.0002 weight per cent) and high (0.40 weight per cent)

sulfur fuels at a given temperature would, not be affected.

2. Camtor Pressur.

The metal weight loss data for single tests of six superalloys. at 5

and 15 atmospheres pressure for try operating conditions are shcwn in Table VII

expressed. as Veight loss per unit area ad an per enit weight lose of the test

specimen. Metal losses as a function of combustor pressure for 1500 F exhaust

gas temperature and 0.40 per cent fuel sulfur and for 2000 F exhaust gas temp-

erature with 0.0002 per cent fuel sulfur are surised in Figures 10 ad 11.

Metal loss is more severe at the high temperature-low sulfur cnditions than at

the low teiperature-high sulfur eondition. with one exoeption at 15 atmospheres

ccubustor pressure. tile metal loss varies for the superallop an imerease in

ecbustor pressure accelerates hot corrosion for those alloys subject to attack.
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TABLE VII

EFFECT OF COMBUSTOR PRESSURE ON METAL LOSS OF SUPERAILOY TEST SPECIMENS

Weight Lois,
Test Np Rer cm_ Per Cent Weight Loss

Sup1rallor Conditions 5 Atm. 15 Atmm . 15 Atm.

Udimet 700 (a) 0.2 1.2 0.0 0.2

Renae' 41 (a) 0.6 0.8 0.1 0.1

Waspalloy (a) 1.7 6.0 0.3 1.0

Hastelloy R-235 (a) 12.4 259.0 2.1 43.8

Sierra Metal 200 (a) 3.6 125.6 0.7 22.6

Udimet 500 (a) 2.6 - _(c) 0.5 - _(c)

Udimet 700 (b) 41.8 112.6 7.6 20.8

Reno' 41 (b) 21.2 8.7 3.4 1.4

Waspalloy (b) 14.7 8.0 2.4 1.3

Hastelloy R-235 (b) 23.9 52.4 4.0 8.8

Sierra Metal 200 (b) 143.5 252.1 25.0 45.4

Udimet 500 (b) 17.7 7.6 3.5 1.5

(a) Test No. 25 & 27 Gas Temp. 1500 F, Fuel Sulfur 0.40 wt. %,*sea salbtin
conbustor air 10 ppi; Gas Velocity at Test Specimen 500 FPS.

(b) Test No. 26 & 28 Gas Temp. 2000 F, Fuel Sulfur 0.0002 wt. %,"sea saltl'in
combustor air 10 ppn, Gas Velocity at Test Specimen 500 FPS.

(c) Specimen missing at end of test.
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3. Gas Velocity.

The effect of gas velocity on metal loss per unit area ia shown in

Table VIII and on metal lose as a per cent of epecimmn weight in Table IX.

Data for six superalloys at two exhaust gas temperature-fuel sulfur conditions

are summarised in Figures 12 and 13. In most cases the high tinperature-low

sulfur canditions are more severe than the low temperature-high sulfur condi-

tions. For those superalloys subject to hot corrosion increasing gas velocity

increases metal loss.

4. Air-Fuel Ratio.

The effect of air-fuel ratio on metal loss of Udimet 700 at 2000 F gas

temperature with 0.0002 weight per cent fuel sulfur and 10.0 pya "sea salt"

in combustor air is shown in Table X. Changing air-fuel ratio from 50 to 75

does not effect metal loss of Udimet 700.

5. "Sea Salt" Inajstion Rate.

Table XI shows the effect of "sea salt" ingestion rate on hot corrosion

of Hastelloy R-235 at 1500 F with 0.40 per cent fuel sulfur and of Rastelloy

R-235 and Udimet 700 at 2000 F with 0.0002 per cent fuel sulfur. Directionally

an increase in "sea salt" ingestion rate from 2.0 to 10.0 pj in combustor air

increases hot corrosion; however, the ma.gitude of the increase varies with

metals, temperature and fuel sulfur.

6. Cascade Position &Ad ReDeatablItY.

In desiating a test progam information is needed on test repetability

since this will indicate the number of tests needed to permit detection of

sii•nficant effects. The effect of cascade position on hot corrosion of a

test specimen will also influence the nusmber of tests required in a program.

To obtain data on the effect of cascade position and repeatability of metal

lose, tests have been conducted using multiple test specimau of Rastelloy

R-235 or Udi•wt 700 in the cascade. Metal lose data for these tests are shown

in Table XII expressed as weight loss per unit area and as per cent weight of

the test sDecimen.
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TABKY VIII

EFFECT OF GAS VELOCITY ON METAL LOSS (w PER CM2) OF SUPETRALLC TEST SPEmCD4S

Test Weight Loss. ft 22r cm2

SMureraloy Conditions 50 S 250 FPS _00 FPS 6_4 FPS

Udimet 700 (a) 6.3 1.1 1.2 ---

Rene' 41 (a) 3.8 0.5 0.8

Waspalloy (a) 1.2 0.6 6.0 ---

Hastelloy R-235 (a) 1.2 49.3 259.0

Sierra Metal 200 (a) 8.0 12.9 125.6 -

Udimet 500 (a) 5.3 7.6 __(c) __

Udimet 700 (b) 3.3 50.2 112.6 64.4

Rene' 41 (b) 6.7 40.5 8.7 36.4

Waspalloy (b) 3.2 23.9 8.0 74.7

Hastelloy R-235 (b) 2.1 36.4 52.4 47.2

Sierra Metal 200 (b) 15.1 355.3 252.1 __(c)

Udimet 500 (b) 3.6 19.4 7.6 45.7

(a) Test No. 23, 33 & 27 Gas Temp. 1500 F, Fuel Sulfur 0.40 wt. %,'sea salt"
in ocbustor air 10 ppm. Combustor Pressure 15 Atm.

(b) Test No. 24, 32, 2 & 31 Gas Temp. 2000 7, Fuel Sulfur 0.0002 wt. %,
"%ea salt' in ocobustor air 10 ppe, Coabustor Pressure 15 Atm.

(a) Speeal missing at end of test.
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TABLE TX

EFFECT OF GAS VEOCITY O0 METAL LOSS (FER C=T W9IGHT LOSS) OF SUýA T

TMST SPECDMS

Test Per Cent Weight Loss

Supralloy Conditions 50 FPS L2 FPS 500 FPS

Udinet 700 (a) 1.2 0.2 0.2 --

Rene' 41 (a) 0.6 0.1 0.1 --

Waspalioy (a) 0.2 0.1 1.0 --

Hastelloy R-235 (a) 0.2 8.6 43.8 --

Sierra Metal 200 (a) 1.4 2.3 22.6 --

Udimet 500 (a) 1.0 1.5 __(c)

Udimet 700 (b) 0.6 9.3 20.8 12.1

Reno# 41 (b) 1.1 6.4 1.4 5.8

Waspal-oy (b) 0.5 3.9 1.3 fl.8

Hastelloy R-235 (b) 0.4 6.1 8.8 7.9

Sierra Metal 200 (b) 2.7 65.9 45.4 -- (c)

Udimet 500 (b) 0.7 3.8 1.5 9.1

(a) Test No. 23, 33 & 27 Gas Temp. 1500 F, Fuel Sulfur 0.40 wt. %,"sea salt"
in combustor air 10 ppm, Combustor Pressure 15 Atm.

(b) Test No. 24, 32, 28 & 31 Gas Tamp. 2000 F, Fuel Sulfur 0.0002 wt. %,wsea
saltwifn ombutor air 10 ppe, Ccmbustor Pressure 15 Atm.

(c) Specimen missing at end of test.
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Analyses of metal loss data for Hastelloy R-235 at 1500 F exhaust gas

temperature with 0.40 weight per cent fuel sulfur and 10 ppm "sea salt" in

combustor air are shown in Appendix II. It is concluded that repeatability of

metal lose varies with the magnitude of the loss; however, by using logarithnm

of metal loss this is changed to percentage variance which permits the use of

conventional statistical methods for interpreting the data. The improvement

or more uniform variance obtained by the use of logarithms may be observed by

comparing the confidence intervals for the data shown graphically in Figures

14 and 15.

Hot corrosion with six Hastelloy R-235 specimens tested at a reduced

"sea salt" ingestion rate (2.0 vs 10.0 ppm) is reduced to loes than 1.0 mg/cm2

for all specimens. Directionally repeatability is improved as "sea salt"

ingestion rate is reduced (57.1 vs 86.4 per cent). (See Appendix II)

With six Udimet 700 test specimen in a cascade exposed to 2000 F

exhaust gas temperature with 0.0002 per cent fuel sulfur and 10 ppm "sea salt"

repeatability as measured by coefficient of variation is 17.1 per cent.

(See Appendix II) Metal loss values for this test are shown in Figure 16.

From an exmination of test specimens, the amount of scale deposit on

the specimens appears to increase with an increase in "sea salt" ingestion rate

at 1500 F gas temperature. At gas temperatures above approximately 1700 F, the

amount of deposit accumulated on the test specimens decreased. This coincides

with test specimen metal temperatures above the melting point of sodium sulfate

(1623 F). Generally the nature of the attack seems to be more uniform at the

higher tem--tures. This probably accounts for the improved repeatability of

results at 2000 F gas temperature over those at 1500 F.

7. Mas Effect -f Fuel Sulfur and "Sea Salt".

An examination of data from the exploratory programs where the total

mass of fuel sulfur and "sea salt' ingested by the combustor varied as operating
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conditions were changed suggested that hot corrosion may be a function of the

total exposure of a superalloy to these materials at a given temperature. Multiple

regression analyses provide a means of evaluating the possible relationship be-

tween metal loss and mass of fuel sulfur and "sea salt" ingested. Previously

data were obtained on two superalloys at 2000 F exhaust gas temperature with

three levels of fuel sulfur and three levels of "sea salt" (Ref. 7). Multiple

regression analyses of these data have been made and are sumaarized in Appendix

II. The multiple regression equations for Inconel 713C and Sierra Metal 200

are both significant at the 95 per cent confidence level or above and indicate

that metal loss in these data may be described by the amount of fuel sulfur and

"sea salt" ingested by the ccmbustor. The measured and calculated netal loss

values for the two metals are shown in Figures 17 and 18. In Figure 18 the

measured and calculated values for Sierra Metal 200 obtained during the explora-

tory programs are shown in addition to the data used to develop tho' equation.

In most cases the line of equality falls within the confidence interval for the

neasured values. These data indicate that comparisons of metal lose for any

cobinations of fuel sulfur and ingested "sea salt" can be made within the limits

selected for sulfur and "sea salt".

B. X-Ray Diffraction Analypis.

X-ray diffraction analyses were obtained of representative samples

of scale from test specimens at various test conditions used in those explerate-y

program. The scale deposit was scraped frsm the tost specimen ard then powdered

prior to analysis and therefore represents an average composition. Metal loss

and scale coapositions for cmparisons of the effect of operating conditions arR

shown in Tables XII through XVI1. The presence of a given material is indicated

as very wc~k, weak, medium or strong. These notations are specific to each

individual material; however, they Lo nt• permit a ccuparisct of the relative
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amounts of material pre66nt in the deposit (e.g.. NiO v MgO). These data do

not show relationships between operating conditions and scale ocmposition;

however, there apperes to be a relationship between scale coaposition and metal

loss. Theee data &r summarised in Table XVIII for each of the throe superalloys.

Three materials identified in the scale (Periclase, Thenardite and Halite)

are present as a result of "sea salt" ingestion whils the -, nizng •aterials

are from metal corrtsion. As metal loss incrfmse&e thbi L i.tsiies of the

materials frta "sea salt" decrease while the !nir.esitias for those from cozrrosion

increase. These data show no other apparact pattern with variations in operating

conditions, indicating that the compositici. of the corrosico products frm a

given superallay do not vary A• Mce ly. ,bis suggests that variations in

the extent of corroeion with charxee it operating conditions are related to

that phas) of the attack dealing with the initial penetration of the protective

oxide film, rather than with the corrosive re.ations once penetratioc hat bew

ace•mplished.
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C. MetalloAraphy

Intercrystalline corrosion can be identified by measurement of

loss in tensile properties or by metallogrpphic exwmination. The latter was

used during this exploratory program because it provided additional informa-

tion about changes in the metal surface resulting from exposure to corrosive

agents.

Test specimens were cleaned by electrolytic descaling in molten

sodium hydroxide after exposure in Phillips 2-inch combustor exhaust. This

allowed for measurements of metal loss by the test specimens from hot corrosion

without destruction of the surface layers whe_•e corrosion products had pene-

trated the metal matrix.

The photomicrographs shown in F! ,aris 19 through 25 were taken of

various superalloys after their exposure to hot corrosion in a marine

environment. They are typical of the photomicrographs obtained, and illustrate

the nature of the attack experienced by the superalloys over the range of

conditions investigated in this exploratory prcgram. Hcwever, it is pertinent

to point out that the selection of a typical area of corrosive attack from a

detailed microscopic examination of the test specimen f.- a difficult talk.

Widely divergent results are in evidence under supposedly comparable condi-

tions, because penetration of the protective oxide surface film and ero'i"n

of the corrosion products are randomly occurring processes. Nevertheless,

it is felt that the general mode of corrosive attack is clearly evident in

these photcmicrographs.

Figure 10 shows X250 and X1000 magnification photomicrographs of

polished unetched sections of Sierra Metal 200 specizens following exposure

with 10 ppm "sea salt" in air and 0.0002 weight per cent sulfur in fuel at

two temperatures, 1600 F and 2000 F. The test specimen weight losses obtained
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EFFECT OF GAS TEMPERATURE AT TEST SPECIMENS

1600 F 2000 F

92 MG/CM 2 
METAL LOSS 252 MG/CM2 METAL LOSS

II *" t
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0
.I- Z

I O0X MAGNIFICATION. POLISHED, UNETCHED

FIGURE 19
PHOTOMICROGRAPHS OF SIERRA METAL 200 TEST SPECIMENS

AFTER EXPOSURE TO HOT CORROSION IN PHILLIPS 2-INCH COMBUSTOR OUTLET
AT TEST CONDITIONS 14 AND 28
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EFFECT OF SULFUR CONCENTRATION IN FUEL
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III

U.1

25oX MAGNIFICATION, POLISHED, UNETCIED
lg

-I

o

J 
-

I O00X MAGNIFICATION, POLISHErD, UNETCHED

FIGURE 20
PHOTO MIC ROGR APHS OF HASTELLOY R-235 TEST SPECIMENS

AFTER EXPOSURE TO HOT CORROSION IN PHILL!PS 2--INCH COMBUSTOR OUTLET
AT 1600 F TEST CONDITIONS 14 AND 41
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EFFECT OF SULFUR CONCENTRATION IN FUEL
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FIGURE 21

PHOTOMICROGRAPHS OF HASTELLOY R-235 TEST SPECIMENS

AFTER EXPOSURE TO HOT CORROSION IN PHILLIPS 2-INCH COMBUSTOR OUTLET

AT 2000 F TEST CONDITIONS 7 AND 8
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EFFECT OF GAS PRESSURE AT TEST SPECIMENS

5 ATMOSPHERES 1 5 ATMOSPHERES

12 MG/CM
2 

METAL LOSS 200 MG/CM 2 
METAL LOSS
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z
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FIGURE 22
PHOTOMICROGRAPHS OF HASTELLOY R-235 TEST SPECIMENS

AFTER EXPOSURE TO HOT CORROSION IN PHILLIPS 2-INCH COMBUSTOR OUTLET
AT 1500 F TEST CONDITIONS 25 AND 41
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EFFECT OF GAS VELOCITY AT TEST SPECIMENS

50 FEET PER SECOND 500 FEET PER SECOND

8 MG/CM 2 
METAL LOSS 126 MG/CM 2 

METAL LOSS
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FIGURE 23
PHOTOMICROGRAPHS OF SIERRA METAL 200 TEST SPECIMENS

AFTER EXPOSURE TO HOT CC•RROSION 114 P:iILLIPS. 2--INCH COMBUSTOR OUTLET
AT 1 500 F TEST %-4NDITIVýNS 23 AND 27



EFFECT OF SEA bALT CONCENTRAIION 1N AIR
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at the two different temperatures are indicated for aid in interpretation

of the photcmicrographs. These test specimens were chosen to show the

nature )f corrosive attack where the rate of metal loss increased rapidly

with increasing gas temperature, as was plotted in Figure 8.

Figures 20 and 21 show X250 and X1000 magnification photomicrographs

of polished unetched sections of Hastelloy R-235 specimens following exposure

with 10 ppm "sea salt" in air and with both 0.0002 and 0.40 weight per cent

sulfur in fuel at 1600 F and 2000 F, respectively. These test specimens were

r.hosen to show the nature of corrosive attack over this range in gas tempera-

ture because there was a reversal in the effect of fuel sulfur content on

metal loss, as was plotted in Figure 6.

Figure 22 shows X250 and X1OOO magnification photomicrographs of

polished unetched sections of Hastelloy R-235 specimens following exposure

with 10 ppm "sea salt" in air and 0.40 weight per cent sulfur in fuel at

two gas pressures, 5 and 15 atmospheres. These test specimens were chosen

to show the nature of corrosive attack where the metal loss increased rapidly

with increasing pressure, as was plotted in Figure 10.

Figure 23 shows X250 and X1OOO magnification photomicrographs of

polished unetched sections of Sierra Metal 200 specimens following exposure

with 10 ppm "sea salt" in air and 0.40 weight per cent sulfur in fuel at two

gas velocities, 50 and 500 feet per second. These test specimens were chosen

to show the nature of corrosive attack where metal loss increased rapidly with

increasing velocity, as was plotted in Figure 12.

Figure 24 shows X250 and X1000 magnification photomicrographs of

polished unetched sections of Udimet 700 specimens folowing exposure at

2000 F with 0.0002 weight per cent sulfur in fuel and with two levels of

"sea salt" in air, 2 and 10 ppm. These test specimens were chosen to show

the nature of corrosive attack where the metal loss increased rapidly with

i-ncreasing "sea salt" concentration, as was tabulated in Table XI.
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Figure 25 shows X250 and X1OOO magnification photomicrographs of

polished unetched sections of Hastelloy R-235 specimens from stages 1 and 3

in the cascade following exposure with 10 ppm "sea salt" in air and 0.40

weight per cent sulfur in fuel at 1500 F. The specimen from stage 2 of

tnis test was shown in Figure 20. These test specimens were chosen to show

the n'ature of corrosive attack under conditions where position in the cascade

had a significant effect on the severity of metal loss, as was plotted in

Figure 14.

In general, photomicrographs taken at X250 magnification showed

only a shallow penetration of corrosion products, despite the catastrophic

rates of metal loss encountered in the presence of "sea salt". The depth of

surface penetration ranged from less than one to a maximum of about four

thousands of an inch. It also appeared that surface roughness increased with

metal loss, probably as a result of the undermining of metal grains by inter-

granular attack. These observations are in agreement with previous studies

which showed hot corrosion in a marine envircmment to result in no deep inter-

granular penetration of sulfrr into the matrix of the superalloys and little

or no loss in tensile properties. (4 and 7)

Photomicrographs, taken at XlOO0 mapnification to show the corrosive

attack in greater detail, consistently reveal penetration of the metal nqtrix

being led by randcmly dispersed light-grey globules of metallic sulfides.

This mode of corrosive attack is usually referred to as sulfidation, and

occurred despite the prevalance of oxidising conditions. The formation of

these sulfide particles is associated with changes in surface composition of

the alloy which is characterised by chromitu depletion. Rapid oxidation of

the weakened layer of alloy follows sulfide penetration, at times so closely

as to give the appearance of gross oxidation.
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VI. CONCLUSIONS

The following statements can be made concerning the effect of

fuel sulfur and operating conditions on hot corrosion of superalloys in a

marine environment. They are based on exploratory programs in which specimens

of six superalloys were exposed to vitiated air from the Phillips 2-inch

combustor during five hour cyclic tests (55 minutes fuel-on, 5 minutes fuel-

off).

1. An inre~t in fuel sulfur content (0.0002 to 0.40 weight per cent) at

high pressure (15 atmospheres) and high velocity (330 to 510 feet per

second at test specimen) with 10.0 ppm "sea salt" in combustor air over

a range of temperature from 1,200 to 2200 F:

a. I k metal loss at gas temperatures of 1800 F and above.

K Tnereas. metal lots for sore Tuperalloys at 1600 F and below.

2. An increase in combustor pressure (5 to 15 atmospheres) accelerated

hot corrosion for those superalloys subject to attack with 10.0 ppm

"sea salt" in cembustor air at both the 1500 F gas temperature with

0.40 weight per cent fuel sulfur and the 2000 F gas temperature with

0.0002 weight per cent fuel sulfur test conditions.

3. An increase in gas velocity at the test specimen j rejsed hot corrosion

for those superalloys subject to attack with 10.0 ppm "sea nalt" in

combustor air at both the 1500 F gas temperature with 0.40 weight per

cent fuel sulfur and the 2000 F gas temperature with 0 0002 weight per

cent fuel sulfur test conditions.

4. A change in air fuel ratio from 50 to 75 did not change hot corrosion

for one superalloy tested at 2000 F gas temperature with 0.0002 weight

per cent fuel sulfur and 10.0 pp& "sea salt" in combustor air.
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5. An increase in "sea salt" ingestion rate frca 2.0 to 1O.C ppm in

combustor air increased hot corrosion; hivevar, the magnitude of the

increase varies with temperature-sulfur combinations or metals.

6. Cascade testing provides additional information on hot corrosion from

each test:

a. At 2000 F gas temperature with 10.0 ppm "sea salt" in combustor

air and 0.0002 weight per cent fuel sulfur, repeatability is

good (17.1 per cent) and hot corrosion is uniform from stage

to stage in the cascade

b. At 1500 F gas temperature with 0.40 weight per cent fuel sulfur

and 2.0 or 10.0 ppm "sea salt" in coabustor air repeatability

is poorer (57.1 to 86.4 per cent) than at high temperature and

severity of hot corrosion varies from staga to stage with high

metal loss.

7. Hot corrcsion is a function of mass exposure to "sea salt" in combustor

air, fuel sulfur and the ratio of "sea salt" to fuel sulfur for two

superalloys at 2000 F gas temperature.

8. Materials from "sea salt" in specimen scale deposits decrease and materials

from corrosion products increase as metal loss increases.

9. Typically, the micro features mf hot corrosion In a marine environmir'

which were evident in this exploratory program were a metal surface

roughened by intergranular attack with shallow sulfide penetration of

the matrix preceding oxidation.
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VII. RECOMMENDATIONS

This study was made to determine the effect of fuel sulfur over a

range of operating conditions on hot corrosion of superalloys in a marine

environment to provide information to aid in selection of operating conditions

for a program designed to determine whether the maximum sulfur limit of 0.40

weight per cent, currently allowed in grade JP-5 aviation turbine fuel, is a

safe level for protection of turbine blade alloys used in advanced engines.

A reversal of the effect of fuel sulfur on hot corrosion is shown

between tests at 1600 F and below and 1600 F and above for some superalloys.

Increasing combustor pressure and gas velocity increased metal loss for those

superalloys subject to attack with no apparent reversals. An analysis of

data obtained at 2000 F with two superalloys shows that hot corrosion is a

function of mass exposure to fuel sulfur and "sea salt".

Therefore, it is recommended that, in a more complete investigation,

tests should be conducted using:

(1) Gas temperatures of 1800 F, 2000 F and 2200 F to give metal

temperatures 6elow 1i7W t) near (1850 F) and atove (2000 F)

the maidm= recommended operating limits for the superalloys

being used should be investigated to provide an answer to the

primary objective of the program.

(2) To accelerate hot corrosion, test conditions approaching actual

engine conditions (within test stand capabilities) should be

used. A ccmbustor pressure of 15 atmospheres should be used

and gas velocity varied with temperature to permit mass of air

and fuel to be held constant throughout the program.

(3) Tests should also be conducted at a gas temperature of 1500 F

(below the point of reversal of the effect of fuel sulfur) to

provide suppiemental information.



Research Division Report 3945-64R

Page 61

(4) A cascade test specimen hrd•- Ld Ab :7ed in future

investigations since additional information can be obtained

at a nominal increase in test costs.

VIII. FUTURE WORK

A test program tz determine whether the maximum sulfur limit of

0.40 weight per cent, currently allowed in grade JP-5 aviation turbine fuel,

is a safe level for the protection of t-irbine blade alloys in advancid engines

will be conducted during the last six months of this contract. Significant

points in the program are as follows:

1. Exihaust Gas Temp2rature. Three levels of exhaust gas tempera-

ture (1800, 2000 and 2200 F) will be used representing current

and future engine designs to answer the primary objective of

the program. If possible a fourth temperature (1500 F) will

then be used.

2. "Sea Salt" Conen Three levels of "sea salt" in

combustor air (sero, 1.0 and 10.0 py) have been selected as

representing the possible range of exposure.

3. Fuel Sulfur Congentcation. Three levels of fuel sulfur have

been selected (O.C0X02, 0.040 and 0.40 weight per cent) which

repre~ent the ra.'7ge of values fro the currant -pccif!c& V.

maximum down to that obtainable by hydrotreatinig.

4. Covmbustor Pres)sa j. A combustor pressure of 15 atmospheres vi''

be used for all tests and has been selected as representative

of future engInes and also to accelerete hot corrosion.

5. Map ,,oMirweto Sulfur and A fuel flow of l'• pounds

per hour and air flow of 7200 pounds per hour will be maintained

constant throughout the toot program. While this will result in

variations in gas velocity with temperature, the nine ccobinations
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5. (Contd) of sulfur and "sea salt" will provide a measure of the

temperature effect that is not confounded with the effect of

mass of sulfur and "sea salt".

6. Cascade Testing. One specimen of each of six superalloys will

be mounted in a three stage cascade with two superalloys in each

stage. Each stage of the cascade will be successively rotated

120 degrees to prevent channeling of hot gas flow. Each super-

alloy will be tested once in each stage of the cascade.

7. Superall2ys. Five superalloys of interest for use as turbine

blade and/or guide vane materials for engines of advanced design

have been selected and their compositions are shown in Table XIX.

In addition one superalloy with an aluminum diffusion coating

(Inconel 713C with Kisco coating No. MDC-l) has also been

included in the program. Coupons of superalloys to be evaluated

are 0.50 in. wide, 2.38 in. long and 0.12 in. thick. The

coupons have been increased in thickness fram 0.06 in. previously

used to 0.12 in. to provide additional strength and prevent bend-

ing and breakage which result in lost specimens.

TABLE XIX

COMPOSITION OF SUFERALLOYS

Nominal Composition, per cent
Alloyinx Elements INCO-713C SM-200 IN-100 Udimet 500 WI-52

Nickel 72 60 60 51 --

Cobalt -- 10 15 19 63
Chromiu 13 9 10 19 21
Molybdenu 4.5 -- 3 4 --

Tungsten -- 12 .. 1I
Aluwinum 6 5 5.5 3 --

Titanium 0.6 2 5 3 --

Iron 1 0.5 0.5 1 3
Columbium 2 1 .... 2
Vanadium .... 1 ....
Carbon 0.1 0.2 0.2 0.1 0.5
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8. Evaluation. The following information will be obtained on

superalloy test specimens exposed to hot gases frcn the Phillips

2-inch combustor:

(a) Metal Loss measured as difference in weight of test specimens

prior to test and after cathodically descaling at the end of

test.

(b) Metall~ora=hy. To aid in evaluating the extent and mode

of corrosive attack microscopic examination with photomicro-

graphs will be made of test specimens.

The test plan for this progrum is shown in Table XX. Based on

exploratory tests which indicate .oa ipeatability at 2000 F this program

has been set up as a randeisud block exp.tment with each superalloy to be

tested once in each of the thrue sttl-es of the cascade at each temperature-

fuel sulfur-"sea silt" ccubinatico. Statistical analyses of these data will

provide evaluations of the effects, and interactions, for each of the six

superalloys, of the three test variables (a) su'.fur concentration in the fuel,

(b) "sea salt" in combustor air, and (c) exhaust gas temperature. These data

will also be examined to determine if mass of fuel sulfur and "sea salt" ex-

plain variations in hot corrosion of the superalloys.
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TABLE XX

TEST PLAN FOP. WI? CORROSION STUDIES

Fuel Sea Salt
Temperature, Sulfur in Air, Test Order

• w Se tI Set II Set II

2200 0.0002 0 15 48 35
2200 0.0002 1.0 47 23 67
2200 0.0002 10.0 13 43 53
2200 0.040 0 10 40 17
2200 0.040 1.0 5 66 22
2200 0.040 10.0 65 77 7
2200 0.40 0 59 26 79
2200 0.40 1.0 31 55 8

2200 0.40 10.0 63 6 30

2000 0.0002 0 70 50 75
2000 0.0002 1.0 14 68 64
2000 0.0002 10.0 81 72 20
2000 0.040 0 74 51 18
2000 0.040 1.0 69 46 60
2000 0.040 10.0 25 21 .,7
2000 0.40 0 73 36 62
2000 0.40 1.0 33 37 z
2000 0.40 10.0 56 71 12

1800 0.0002 0 32 28 34
1800 0.0002 1.0 44 61 45
1800 0.0002 10.0 i8 24 29
1800 0.040 0 42 27 16
1800 0.040 1.0 4 39 80
1800 0.040 10.0 38 52 11
1800 0.40 0 54 i9 76
1800 0.40 1.0 4ý' 9 41
1800 0.40 10.0 3 1 58

AFRAJGMIT OF TEST SP'ECIMCS

St axe 1 _ S t E 2 St LAO -

Set I Inoo 713C moco 713C + s IN-1O0 SM 200 0-500 WI-52
MDC-1

set Ii IN1-O - 6M,200 U-500 WI-52 IncO 71C Inco 713C+MDC -1

Set 111 -500 WI-52 Inco 713C Inco 713C+ IN-1O0 SM-200
MDC-1
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TABLE XX (Continued)

NOTES:

(a) Other Phillips 2-inch combustor operating variables to be held constant
throughout the test program.

Combustor Inlet Air Pressure, atmosphere 15.0

Air-Fuel Ratio, pounds per pound 60

Mass Air Flow, pounds per hour 7200

Test Duration, hours 5.00

Inlet air temperature to be varied over a range of fram qOO to 1200 F, as
required to obtain desired exhaust gas temperature.

Thermal shock to be introduced by an operating cycle of 55 minutes at test
condition, followed by 5 minutes with fuel off.

IX. ACKNOWLEDGEMENT

This work was administered under the direction of C. C. Singleterry,

Head, Fub:, ..' -- -cants Branch, Power Plant Division, Bureau of Naval

Weapons, Department of the Navy, with S. M. Colleguman as project engineer.

The authors wish to recognise and express their appreciation for

guidance and assistance in the areas of:

(a) Test Eouirment Design and Oeraticms by E. H. Froma

(b) MetallograDhic Analysis by H. W. Schuts,

(e) Scale AnaJlyis by L. V. Wilson,

(d) Statistical Anaysis by M. R. Goes and D. L. Weeks.

X. REFERENCES

1. "Gas Turbine and Jet Engine Fuels:, by G. D. Kittredge, S. H. Owinn,

and W. L. Streets. Sunmary Report for U. S. Navy Contract NOas 58-310-d.

Phillips Petroleum Ccmpany Research Division Report 2506-59R.



Research Division Report 3945-64R

Page 65

2. "Gas Turbine and Jet Engine Fuels", by G. D. Kittredge and W. L. Streets.

Smary Report for U. S. Navy Contract NOas 60-6009-c. Phillips Petroleum

Company Rb~earch Division Report 2760-60R.

3. "Gas Turbine and Jet Engine Fuels", by W. L. Streets. Summary Report for

U. S. Navy Contract NO(w) 61-0590-d. Phillips Petroleum Company Research

Division Report 3185-62R.

4. "Gas Turbine and Jet Engine Fuels", by W. L. Streets and R. M. Schirmer.

Sinmary Report for U. S. Navy Contract N600(19)-58219. Phillips Petroleum

Company Research Division Report 3529-63R.

5. "Effects of Fuel Sulfur Contamination and Sea Water Ingestion on the

Durability of Jet Engine Hot Section Components", by W. L. Streets.

Journal of the Institute of Petroleum, Vol. 48, No. 466, pp. 314-324,

October 1962.

6. "Gas Turbine and Jet Engine Fuels", by W. L. Streets. Progress Report

No. 1 for U. S. Navy Contract NOw 63-o4o6-d. Phillips Petroleum Company

Research Division Report 3559-63R.

7. "Effect of JP-5 Sulfur Content and Sea Water Ingestion on Hot Gas Corrosion

of Super Alloys", by R. M. Schirmer, H. T. Quigg and R. A. Mengelkamp.

Progress Report No. 3 for Navy BuWeps Contract NOv 63-0406-d. Phillips

Petroleum Company Research Division Report 3686-64R.

8. "Effect of JP-5 Sulfur Content on Hot Corrosion of Superalloys in Marine

Enviroment", by H. T. Quigg. Progress Report No. 1 for U. S. Navy

Contract NOw 64-O443-d. Phillips Petroleum Company Research Division

Report 3824-64R.

9. "Gas Turbine and Jet Engine Fuels" by W. L. Streets. Progress Report

No. 2 for U. S. Navy Contract NOw 63-0406-d. Phillips Petroleum Company

Research Division Report 3615-63R.



Research Division Report 3945-64R

Page 67

10. "Design and Calibration of the Improved Phillips Jet Fuel Testing Facility",

by E. H. Fromm. Phillips Petroles Company Research Division Report 3527-63R.

31. "Statistical Methods", by G. W. Snedecor. Fifth Edition. The Iowa State

University Press, Ames, Iowa, 1956.



Research Division Report 3945-64R
Page 68

APFUIDIXI

TABLE XII

OPZRTING CONDrT'-;ý-, 0r, PHILLIPS 2-INCH COMU1ST0R

Test Variablgs Test Conditions (a)
Test Numbgr 19& 20 17 &lI8 3& 4 1 16i 7&8- 9& 10
CAlculated gAs Temerature. F 1200 1 1600 80 2000 - 2200

Tmperature, F
Exhaust Gas 1195 1375 1590 178s 1990 2090 (b)

Profile (c) 20 210 135 135 150 200
Test Specimens ý,d) (e) 1610(f) 1650(f) 1685 1865 1955
Combustor Inlet Air 800 800 800 1000 1000 1000

Pressure, atmospheres
Ccmbustor Inlet Air 15.0 15.0 15.0 15.0 15.0 15.0
Test Specimen Drop 1.4 1.5 1.6 1.7 1.7 1.5

Mass Flow Rate, pounds per hour
Air 5400 5400 5400 5400 5400 5400
Fuel 36 54 72 72 90 108
Air Fuel Ratio 150 100 75 75 60 50

Flow Velocity, feet per second
Caobustor Reference (g) 170 170 170 200 200 200
Exhaust Gas (h) 180 195 220 240 260 275

at Test Specimens (i) 330 370 410 450 490 510

Test Duration, hours (j) 5 5 5 5 5 5

Fuel Sulfur, weight per cent (k) (k) (k) (k) (k) (k)

"Sea Salt", parts per million (1) 10.0 10.0 10.0 10.0 l0.C 10.0

(a) Average values.

(b) Temperature at exhaust gas core averaged 2175 F but the overall lover average resulted
from heat losses to water cooled wall.

(c) Mauium variation between four thermocouples on equal area centers.

(d) First pair of specimens.

(o) Below operating range of optical pyrameter.

(f) Test specimens probably refloeting flame radiation to give fictitiously high readings
with optical Wraneter.

(g) Cold flow, based on 2.66 in. 2 emit am In flame tube.

(h) Uased on 3.36 in. are at outlet from co•bustor.

(i) Based am 1.80 In. 2 vablocked ares In first test specimen holder.

(J) Operatin Vaele of 55 m•ante at test eomditios, followed by 5 minutes fuel off.

(k) 0.0002 Weight per snt for Ims was. 8, 9,glo , l5, is owdi9 and O.4O weight per cent for
Ru goo. 7, 10, 13, 16. 17, 20.

(1) Based cm ces tor air.
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Test Yariables Test Ccnditlon (a)
Testg lWber 23.... 2 26
Calculted Gas Lapej]Ltur.. 1200 00

Temperature, F
Exhaust Gas 1410 2010 1450 1900 1495 1990

Profile (b) 40 325 100 120 225 150
Test S'eciuen (c) 1490 1660 - 1750 1625 1730
Combustor Inlet Air 800 800 1100 1000 800 800

Pressure, atwaspsres
Combustor Inlet Air 15 15 5 5 15 15
Test Specimen Drop 0.03 0.03 0.95 0.63 1.7+ 1.7+

Mass Flow Rate, pounds per hour
Air 685 685 2270 1800 6840 5400
Fuel a.6 10.8 15.4 32.0 81.0 10e
Air Fuel Ratio 80 63 147 56 84, 50

Flow Velocity, feet per second
Ccobustor Reference (d) 22 22 268 199 218 172
Exhaust Gas (e) 26 34 260 255 267 264

at Test Specimea (f) 48 63 485 476 499 494

Test Duration, hours (g) 5 5 5 5 5 5

Fuel Sulfur, weight per cent 0.40 0.0002 0.40 0.0002 0.40 0.0002

"Ses Salt", parts per millinm (h) 10.0 10.0 10.0 10.0 10.0 10.0

(a) Average value.

(b) MaXlIm variation btwem four theumoouples cc equal area ceaters.

(c) First pair of speoimms.

Wd) Cold flow, based on 2.66 1n. 2 eit ae in flame tube.

(e) Bsed on 3.36 in. 2 arm at outlet from cabustor.

(f) Uased cc 1.60 In.2 =iblocked are in first test speciaw holder.

(g) Operating cyle of 55 ambis. at test conditions, follood by 5 minut4es fel off.

(h) Based an eobustor air.
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TAKE U1 (Continued)

Test Variables T1t Conditions (a)

CalculAte!d Wa Tmverature._ F 200 15M 2000. -in... .- O.

Temperature, F
Exhaust Gas 1960 1890 1470 1880 1500 1910

Profile (b) 345 180 225 315 195 420
Test Specimen (a) 1760 1745 1690 1730 1660 1640
Combustor Inlet Air 800 800 800 800 800 800

Pressure, ataoepheres
Combustor Inlet Air 15 15 15 15 15 15
Test Specimen Drop 1.7+ 0.43 0.66 1.48 1.7+ 1.46

Mass Flow Rate, polnds per hour
Air 7130 2700 3420 5400 6840 5400
Fuel 14 54 40 108 81 108
Air Fuel Ratio 50 50 84 50 84 50

Flow Velocity, feet per second
Combustor Reference (d) 227 86 109 172 218 172
Ehaust Gas (e) 345 127 132 253 268 256

at Test Specimen (f) 644 237 246 472 500 478

Test Duration, hours (g) 5 5 5 5 5 5

Fuel Sulfur, weight per cent 0.0002 0.0002 0.40 0.0002 0.40 0.0002

*ses Salt*, parts per million (h) 10.0 10.0 10.0 10.0 10.0 2.0

(a) Aveoe values.

(b) Plimom variation betWen four thermocouples on equal ar centers.

(W) Firt pair of specimls.

(d) Cold flow, based on 2.66 in.2 exit area In flame tube.

Wo) Based on 3.36 in. 2 a•r at outlet from combustor.

(f) Used on 1.s0 1n. 2 amblocked area in first test specimen holder.

(g) Operating cycle of 55 minutes at test conditions., followed by 5 minutes fuel off.

(h) Based on ombustor air.
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1MI, XL (Continued)

TeAt Variable .1 Tst Ca.dittijs (a)
Test lmber . .... - ..7 38 39 . kL.
Calul;Ated Gas Tm ierature, F '"Q 2000) . . - --

Tomperature, F
Exhaust Gas 1185 1915 1520 1510

Profile (b) 200 265 170 240
Test Specimen (c) 1600 1850 1610 1675
Ccobustor Inlet Air 600 1200 8OC 800

Pressure, atmospheres
Combustor Inlet Air 15 15 15 15
Test Specimen Drop 1.7+ 1.52 1.7+ 1.7+

Mass Flow Rate, pounds per hour
Air 6840 5400 6840 6810
Fuel 81 72 al Sl
Air Fuel Ratio 84 75 81 86

Flow Velocity, feet per second
Ccmbustor Reference (d) 218 226 218 218
Exhaust Gas (e) 266 256 271 270

at Test Specian (f) 497 479 506 503

Test Duration, hour (g) 5 0• 5 5

Fuel Sulfur, weight per cont 0.40 0.0002 0.40 0.40

"Sea Salt*, parts per -'Wonm (h) 2.0 10.0 10.0 10.0

(a) Avorage values.

(b) Nx±m= varlaticas between four thermocouples am equal arm eenters.

(a) First pair of speciens.

(d) Cold flow, based cm 2.66 W. 2 edt area In tim tube.

(e) Based an 3.36 in,2 area at outlet tim combustor.

(f) Eased cc 1.80 in, 2 unblocked area In first test specimen holder

(g) Operating aycle of 55 atnutes at test eonditions. follawed by 5 lmiutes fuel off.

(h) Used onombustor air.
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APPF2IDIX II

STATISTICAL ANALYSIS OF DATA

1. 192iatability of Metal Loss.

Iu previous studies (Ref. 7) using two superalloys it was found that

variability of metal loss was a function of the magnitude of the lose. In

this situation conventional statistical methods should not be used to interpret

the data; however, by using a transformation of the data to provide uniform

variance statistical methods may be used. In cases where variability is a

function of the aganitude of the vaIue3 a logarithmic transformation of the

data will convert variance to a percentage value and will satisfy the require-

ments of uniform variance.

To evaluate the repeatability of metal loss using a cascade system

for mounting test specimens, three tests were conducted using Hastelloy

R-235 at 1500 F gs temperature with 0.40 weight per cent fuel sulfur and

10 pp "sea salt" in combustor air. Metal loss per unit area for the test

specimens are shown in Table WXII. Also shown are the variance, standard

deviation and coefficient of variation claculated for each stage of the

cascade.
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TABLE XXII

REPEATABILITY OF METAL LOSS (•/CM 2 ) FOR RASTELLOY R-?3S(a)

Weight Loss, ! /Cm2

stage I Stage 2 stage 3

Run Strip I Strip 2 Strip j Stri2 Strip 5 Strip 6

35 57.0 62.5 116.0 138.4 130.3 57.2

39 44.6 46.8 112.0 389.9 225.1 141.2

41 14.7 96.4 282.9 200.O 388.2 103.2

TOTAL 322.0 1239.2 1045.2

Mean 53.7 206.5 174.2

M.S. (b) 712.61 12,254.57 14,026.60

S.D. (c) 26.7 110.7 118.4

C.V., % (d) 49.8 53.6 68.0

(a) 1500 F gas temperature, 0.40 wt. per cent fuel sulfur, 10 ppm "sea salt"
in combustor air.

(b) Mean square (Variance).

(c) Standard deviation.

(d) Coefficient of variation. [(S.D./Nean) (100)]

The standard deviations calculated fLr the three stages difter in

size while the coefficients of variation are of the same relative magnitiAd'.

Using Dartlett"e test of homogeneity of variance (Ref. 11) it caa be concluded

that differences in variance for the three 4tages are larger than would be

expected by chance. Since the variances differ while the cnefficierts of

variation are of the same magnitude the use of logarithms of the weight loss

data is indicated. Logarithms of metal loss per unit area are shown in

Table XXII alw with the geometric mean weight loss, variance, standard

deviation and coefficient of variation for each stage of the cascade.
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TABLE xmfI

REPEATABILITY OF METAL WSS (WOG MW/CM2 ) FOR HASTELLOY R-23

Weight Loag, Log mg/cm2 . .

stage 1 Stage 2 S tage .3

Run Stripi 1 tj Strip 3 Strip Strip I StripD 6 to

35 1.75587 1.79588 2.06!446 2.141314 2.11494 1.75740 11.62969

39 1.64933 i. 67025 2.04922 2.59095 2.35238 2.14983 12-46196
41 1.16732 1.98408 2.45163 2.30103 2.58906 2.01368 12.5u690

Total 10.02273 13.59843 12.97729 36.59845

Mean 1.67046 2.26640 2.16288 2.03302

Geome~ric Mean,
Mg/cm 46.8 184.7 145.5

M.S. (b) 0.07500 0.04890 0.08134

S.D. (c) 0.27386 0.22113 0.28520

C.7., % (d) 8F 9 66.4 92.8

(a) 1500 1 gas temperature, 0.40 wt. psr cent fuel sulfur, 10 ppm "sea salt"n

in combustor air.

(b) Mean s-uare (Variance).

(c) Standard deviation

Cd) Coefficient of variati.on; from antilogarithm of standard deviation.

From Bartlett's test for howogeneity of variance it is concluded

that differences in variance for the three stages are chance variations. Since

variance is uniform, statistical analysis of the data should be valid. An

analysis of variance to determine the effect of stages and runs on metal loss

in shown in Table XX3).
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TABLE XXIV

ANALYSIS OF VARIANCE OF LOGARITHMS OF WEIGHT LOSS ()/LC12) FOR HASTInO. R• -2( 5 a)

Degrees of Sum of Mean

~AfVation FEn!d4SýLurce of Vai t o r e •S_ •re S_ • !

Total 17 2.24286

Runs 2 0.08133 0.04067 O.560

Stages 2 1.21672 0.60836 8 . 3 7 1 (b)

Residu&l (Error) 13 O.94481 0.07268

Standard Deviation 0.26959

Coefficient of
Variation, % 86.4

(a) 1500 F gas temperature, 0.40 wt. per cent fuel sulfur, 10 pm "sea salt"
in combustor air.

(b) Differences in metal loss among stages significant (99+ % Confidence).

From this analysis it is concluded t hat there is no significant

difference in the amount of metal loss among runs; however, metal loss varies

depending upon the stage of the cascade in which the specimen is tested.

In evaluating the effect of "sea salt" ingestion rate one test was

conducted with specimens of Hastelloy R-235 in each position of the cascade

at 2.500 F gas temperature with 0.40 weight per cent fuel sulfur and 2.0 ppm

"sea salt" in ccbustor air. These data and an analysis of variance are

shown in Table XXV.
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TABLE XXV

REPEATABILITY OF METAL LOSS FOR HASTEILOT R-235(a)

stage I Stage 2 L StaRe 1 Stage 2 Stage 3

0.7 0.3 0.8 -0.15490 -0.52288 -0.09691

0.8 0.9 0.8 1--0.09691 -O.O&576 -0.09691

TOTAL -0.25181 -0.56864 -0.19382

Analysis of VAriance of Log iu/cm2

Degrees of Sun of Mean
Source of Variation Freedom Sauares Sauare F

Total 5 0.15621

Stages 2 0.04071 0.02035 0.529

Error 3 O.11550 0.03850

Standard Deviation 0.19622

Coefficient of Variation, % 57.1

(a) 1500 F gas temperature, 0.40 wt. per cent fuel sulfur, 2.0 ppm "sea salt"
in combustor air.

From these data it is concluded that the position in the cascade did

not effect metal loss. From visual observation of the test specimen the amount

of deposit on the specimen was less than for tests with 10.0 ppm "sea salt"

which may have reduced the effect of location of the test specimen on metal

loss.

One test was conducted with Udimet 700 test specimens in each position

in the cascade at 2000 F gas temperature with 0.0002 wt. per cent fuel sulfur

and 10.0 ppm "sea salt" in combustor air. These data and an analysis of variance

are shown in Table XXVI.
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TABLE XXVI

REPEATABILITY OF METAL LOSS FOR UDIMKT-700(a)

Weiht Loss

S~tage 1 Sta&e 2 Stage 3 Stage 1 Stage 2

110.3 92.8 97.5 2.04258 1.96755 1.98900

115.4 129.3 80.4 2.06221 2.11160
TOTAL 4.10479 4.07915 3.89426

Mean 2.01303

Analysis of Variance of Log rat/cm2

Degrees of Sum of Mean
Source of Variation Freedom Souares Sure F

Total 5 0.02727

Stages 2 0.01319 0.00660 1.406

Error 3 0.01407 O.00469

Standard Deviation 0.06849

Coefficient of Variation, % 17.1

(a) 2000 F gas teMperature, 0.0002 wt. per cent fuel sulfur, 10.0 ppu

"sea salt" in combustor air.

From this analysis it is concluded that the location of the test

specimen does not effect metal los1. Repeatability as Measured by coefficient

of variation is very good. A visual examination of these test specimens as well

as other test specimens exposed to high temperature (2000 F) showed only light

scale deposits and a uniform metal attack. It is believed that poorer repeat-

ability and the effect of position of test specimen in the cascade are

associated with the accumulation of "sea salt" deposits at temperatures below

the fusion point of sodiu sulfate (1623 F). Furthermore, poor repeatability

was not associated with level oP metal lose, as evidenced by the cmmAarable

levels of metal loss and wide differences in repeatability for Rastelloy R-235

at 1500 F and Udimet 700 at 2000 P.
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2. &ass Effect of Fuel Sulfur pnd "Sea Salt".

An examination of' the data from the exploratory programs suggests

that metal loss may be a mass exposure effect of sulfur and "sea salt". To

investigate the possible relationship between metal loss and mass of fuel sulfur

and "sea salt" ingested during a test the data reported previously (Ref. 7)

with Inconel 713C and Sierra Metal 200 have been reevaluated using multiple

regression analysis technique (Ref. 11). Using this technique the relation-

ship between metal loss per unit area and mass of fuel sulfur, "sea salt" and

the ratio of "sea salt" to fuel sulfur for a five hour test have been studied.

Logarithms of the metal loss and of sulfur, "sea salt" and "sea salt" to sulfur

are used in the analyses. Since the addition of a constant to each term will

not effect results, unity is added to the mass of fuel sulfur, mass of "sea

salt" and the "sea salt" sulfur ratio before converting to logarithms for ease

of computation. The geometric means of the metal loss of the four test

specimens at each operating condition have been used. Metal loss and mass

of reactants for each of the nine operating conditions are shown in Table XXVII.

Also shown are the calculated multiple regression equation for the data and

calculated metal loss values for each operating condition. A st aary of an

analysis of variance evaluating the significance of the equation in shown in

Tabl, XXVfI. From this analysis it can be concluded at the Q9 per cent confidence

level that variations in metal loss can be explained on the basis of mass of fuel

sulfur, "sea salt" and the ratio of "sea salt" to sulfur.

i .
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APPENDIX II (Continued)

ANALYSIS OF VARIANCE OF METAL LOSS FOR INCONEL 713C

Degrees of

Source of Variation Freedom Sum of Souares Mean Soars F

Total 8 5.83639966

Regression 3 5.2431.9716 1.74773238 14 . 73 1(a)

Deviations 5 0.59320250 0.11864050

(a) The regression is significant at the 99% confidence level,

Data for mass of reactants and weight loss of Sierra Metal 200

from the previous program are shown in Table XXZ. In addition to the nine

test points from the previous program which were used to calculate the

multiple regression equation, data are included for six tests conducted as

part of the exploratory programs. From the analysis of variance which is

sumarised in Table XXX it c .n be concluded at the 95 per cent confidence

level that the variations in metal loss are associated with changes in

the mass of fuel sulfur, "sea salt" and ratio of "sea salt" to sulfur.

9
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APPI1DIX II (Continued)

ANALYSIS OF VARIANCE OF METAL 1USS FOR SIEMRA NWAL 200

Degrees of

Source of Varjation Freedm Su, of Sauares Nean Scuae F

Total 8 2.49710598

Regression 3 2.00385402 0.66795134 6.771 (a)

Deviation 5 0.49325196 0.09865039

(a) The regression is significant at the 95% confidence level.
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